We study a conformal version of the Standard Model (SM), which apart from SM sector, containing a U D (1) dark sector with a vector dark matter candidate and a scalar field (scalon). In this model the dark sector couples to the SM sector via a Higgs portal. The theory is scaleinvariant in lowest order, therefore the spontaneous symmetry breaking of scale invariance entails the existence of a scalar particle, scalon, with vanishing zeroth-order mass. However, one-loop corrections break scale invariance, so they give mass to the scalon. Because of the scale invariance, our model is subjected to constraints which remove many of the free parameters. We put constraints to the two remaining parameters from the Higgs searches at the LHC, dark matter relic density and dark matter direct detection limits by PandaX-II. The viable mass region for dark matter is about 1-2 TeV. We also obtain the finite temperature one-loop effective potential of the model and demonstrate that finite temperature effects, for the parameter space constrained by dark matter relic density, induce a strongly first-order electroweak phase transition.
Introduction
One of the most important challenges of high energy physics is the detection of dark matter (DM) [1] . This discovery can explain a number of very important unsolved problems in astrophysics, astronomy and particle physics. One of these unsolved problems is the origin of the spontaneous symmetry breakdown of the electroweak gauge group. In the SM, the electroweak symmetry is broken by Higgs field that has an ad hoc tachyonic mass term. One explanation for the tachyonic mass is radiative symmetry breaking, which is known as Coleman-Weinberg (CW) mechanism [2] .
In the CW mechanism spontaneous symmetry breaking is induced at one-loop level from classically scale invariant scalar potential. Scale invariant extensions of SM can address the hierarchy problem which continues to be one of the most crucial questions of modern theoretical physics. This question that why there is a huge hierarchy in the mass scales of electroweak forces and gravity is related to the naturalness problem. Systematic cancellation of bosonic and fermionic loop contributions to the Higgs mass within supersymmetry can also explain the hierarchy problem. However, concerning the null results at the first and second LHC runs [3, 4] , and other popular theoretical resolutions of the hierarchy problem, such as large extra dimensions, investigating alternative approaches are appealing.
As it was mentioned, one approach of addressing the hierarchy problem is the radical assumption that the fundamental theory describing Nature does not have any scale. This idea is well worth considering for its potential to be an sparing solution to the hierarchy problem. The CW mechanism with a Higgs does not work for the electroweak symmetry breaking because the large top mass does not permit radiative breaking of the electroweak symmetry, but, simple extensions of the Higgs sector with additional bosonic degrees of freedom are known to be phenomenologically viable (see, e.g., ). On the other hand, the scale-invariant extension of the Higgs sector, is a generic feature of many DM models with scalar [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] , fermionic [39] [40] [41] [42] [43] [44] [45] and vector [46] [47] [48] [49] [50] [51] [52] DM candidates.
There are plenty astronomical and cosmological evidences that around 27 percent of the Universe is made of DM. According to the dominant paradigm, DM consists of weakly interacting massive particles (WIMPs) that successfully explain the large scale structures in our Universe.
However, the nature of DM is not well understood, and its particle properties such as spin, mass and interactions all are unknown. Therefore, it is not surprising that despite many previous models, there are still opportunities for DM model building.
In this paper we consider spin one (vector) gauge fields as DM candidates. Without concerning scale invariance, vector DM [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] and some of its theoretical and phenomenological aspects such as direct detection [73] [74] [75] [76] [77] [78] [79] [80] , indirect detection [81] [82] [83] [84] [85] [86] [87] [88] , and collider physics aspects [89] [90] [91] [92] [93] has already been investigated. As it is mentioned, even scale invariant version of vector dark matter models has already been studied. In all the previous scale-invariant models, the dark sector gauge group is non-Abelian [46] [47] [48] [49] [50] [51] [52] Here we study classically scale-invariant model which apart from SM sector, contains an Abelian U D (1) dark sector with a vector DM candidate and a scalar field (scalon). In this model the DM couples to the SM sector via a Higgs portal. The physical Higgs will have admixtures of the scalon which can be used to constrain the model's parameter space. The lower limit is set by the LHC constraints on the mixing angle between the scalon and the Higgs scalar [94, 95] . All the masses in the DM and SM sectors come from a scale generated dynamically by the CW mechanism.
After considering relic density and direct detection of DM candidate, we proceed to discuss the finite temperature one-loop corrections to the potential and study electroweak phase transition. Strongly first-order electroweak phase transition is essential for a viable study of baryogenesis which involves investigating the Sakharov conditions [96] , namely: 1) non-conservation of the baryon number, 2) violation of C and CP symmetry, and 3) the loss of thermal equilibrium.
Starting from a matter-antimatter symmetric state, processes obeying the conditions 1 and 2 are capable of generating a net baryon asymmetry. However, the condition 3 is necessary in order to hinder the relaxation of such created baryon asymmetry back to zero. A strongly first-order electroweak phase transition may promote the required departure from thermal equilibrium for the asymmetry-generating processes. This condition is satisfied in SM only when the mass of discovery of a 125 GeV Higgs boson at the LHC [102, 103] . However, in extensions of SM including DM candidates it is possible to satisfy the condition for strongly first-order phase transition (For studing electroweak phase transition including a DM candidates see, e.g., [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] ).
Our model only allows for two independent parameters, the dark gauge coupling and vector DM mass. We have constrained the model by the observed DM relic abundance as reported by Planck [123] and WMAP [124] collaborations. We consider LHC constraints on the scalar mixing angle and see that it is satisfied for the parameter space already constrained by DM relic density. We have also used PandaX-II [125] experiment results on the direct detection of DM to constrain the parameters of the model. Concerning these constraints the mass of the vector DM can be about 1-2 TeV and the upcoming direct detection experiments will be able to sweep a majority of the parameter space. This range of DM mass also implies strongly first-order electroweak phase transition.
Here is the organization of this paper. In section 2 we briefly explain the model containing vector DM, and we study scale invariance conditions for parameters space of the model. Then the thermal relic density via freeze-out mechanism is calculated in section 3. DM-nucleon cross section is discussed in section 4. Finite temperature corrections to the effective potential is studied in section 5. In section 6 we constrain our model using Planck data for DM relic density and PandaX-II direct detection experiment and we demonstrate that electroweak phase transition is strongly first order. Finally, our conclusion comes in section 7.
The Model
We introduce a complex scalar field φ which has unit charge under a dark U D (1) gauge symmetry with a vector field V µ . Both of these fields are neutral under SM gauge group. We also consider an additional Z 2 symmetry, under which the vector field V µ and the scalar field φ transform as follows: 
where L SM is the SM Lagrangian without the Higgs potential term,
, and the most general scale-invariant potential V (H, φ) which is renormalizable and invariant under gauge and Z 2 symmetry is 
where h 1 and h 2 are real scalar fields which can get VEVs. In this gauge, the tree-level potential
Notice that Z 2 symmetry still persists, making V µ a stable particle and therefore a DM candidate.
Now consider the Hessian matrix, defined as
Necessary and sufficient conditions for local minimum of V tree , corresponding to vacuum expectation values h 1 = ν 1 and h 2 = ν 2 , are
where det(H(ν 1 , ν 2 )) is determinant of the Hessian matrix. Condition (2.7) for non-vanishing VEVs leads to λ H λ φ = (3!λ φH ) 2 and the following constraint
Conditions (2.7) and (2.8) require λ H > 0, λ φ > 0, and λ φH < 0. However, condition (2.9) will not be satisfied, because det(H(ν 1 , ν 2 )) = 0. When the determinant of the Hessian matrix is zero, the second derivative test is inconclusive, and the point (ν 1 , ν 2 ) could be any of a minimum, maximum or saddle point. However, in our case, constraint (2.10) defines a direction, known as flat direction, in which V tree = 0. This is the stationary line or a local minimum line.
Note that in other directions V tree > 0, and the tree level potential only vanishes along the flat direction, therefore, the full potential of the theory will be dominated by higher-loop (where V tree = 0) is a global minimum of the full potential, therefore spontaneous symmetry breaking occurs and we should substitute h 1 → ν 1 + h 1 and h 2 → ν 2 + h 2 . This breaks the electroweak symmetry with vacuum expectation value ν 1 = 246 GeV. We first consider the tree level potential. Since h 1 and h 2 mix with each other, they can be rewritten by the mass eigenstates H 1 and H 2 as
where H 2 is along the flat direction, thus M H 2 = 0, and H 1 is perpendicular to the flat direction which we identify it as the SM-like Higgs observed at the LHC with M H 1 = 125 GeV. After the symmetry breaking, we have the following constraints:
where M V is the mass of vector DM after symmetry breaking. Constraints (2.12) severely restrict free parameters of the model up to two independent parameters. We choose M V and g as the independent parameters of the model.
In tree level, the scalon field H 2 is massless, and in this case the elastic scattering cross section of DM off nuclei becomes severely large and the model is excluded at once by the DMnucleon cross section upper bounds provided by direct detection experiments. However, the radiative corrections give a mass to the massless eigenstate H 2 . Indeed, including the one-loop corrections to the potential, via the Gildener-Weinberg formalism [126] , the scalon mass lifts to the values that can be even higher than the masses of the other bosons.
Along the flat direction, the one-loop effective potential, takes the general form [126]
where the dimensionless constants a and b are given by
(2.14)
In (2.14), M k and g k are, respectively, the tree-level mass and the internal degrees of freedom of the particle k (In our convention g k takes positive values for bosons and negative ones for fermions).
Minimizing (2.13) shows that the potential has a non-trivial stationary point at a value of the RG scale Λ, given by
Eq. (2.15) can now be used to find the form of the one-loop effective potential along the flat direction in terms of the one-loop VEV ν
Note that the scalon does not remain massless beyond the tree approximation. Considering
, now the scalon mass will be
Regarding (2.14), M H 2 can be expressed in terms of other particle masses
where M W,Z,t being the masses for W and Z gauge bosons, and top quark, respectively. As it was mentioned before M H 1 = 125 GeV, ν 2 = ν 2 1 + ν 2 2 , and M V is the mass of vector DM. Notice that in order to V 1−loop ef f be a minimum, it must be less than the value of the potential at the origin, hence it must be negative. From Note that according to (2.18) and (2.12), M H 2 is completely determined by the independent parameters of the model, i.e., vector DM mass M V and the coupling g. These constraints are due to the scale invariance conditions which were imposed to the model. In the following sections, we check the validity of our model against DM relic density, and direct detection experimental data.
3 Relic density via freeze-out Our DM candidate, vector DM, is a weakly interacting massive particle (WIMP) which is its own antiparticle. In computation of the relic density of the vector DM in freeze-out scenario, the standard assumptions are: 1) conservation of the entropy of matter and radiation 2) DM particles were produced thermally, i.e. via interactions with the SM particles in the plasma 3) DM decoupled while the expansion of the Universe was dominated by radiation 4) DM particles were in kinetic and chemical equilibrium before they decoupled.
The current density of vector DM can be computed by solving the Boltzmann differential equation for the time evolution of vector DM number density
where H is the Hubble parameter and n V,eq and σ ann v are the DM equilibrium number density and the thermally averaged total annihilation cross-section, respectively. As it was mentioned before, in freeze-out scenario, one of the standard assumptions is the conservation of the entropy of matter and radiation:
Here s is the entropy density. Defining Y V = n V /s and x = M V /T , with T the photon temperature, combination of Eq. (3.1) and (3.2) gives:
In standard cosmology, the Hubble parameter is determined by the mass-energy density ρ as H 2 = 8πρ/3M 2 P where M P = 1.22 × 10 19 GeV is the Planck mass. On the other hand, the mass-energy density ρ and entropy density s are related to the photon temperature by the equations ρ = π 2 g e T 4 /30 and s = 2π 2 h e T 3 /45, where g e and h e are effective degrees of freedom for the energy density and entropy density, respectively. Regarding these equations, eq. (3.3)
can be written as, To solve the differential equation (3.4) , we use micrOMEGAs package [127] via LanHEP [128] .
The solution shows that at high temperatures Y closely tracks its equilibrium value Y V,eq . In fact, the interaction rate of vector DM is strong enough to keep them in thermal and chemical equilibrium with the plasma. When the temperature decreases, Y V,eq becomes exponentially suppressed and Y V can not reach to its equilibrium value. But as the temperature decreases, Y V,eq becomes exponentially suppressed and Y V is no longer able to track its equilibrium value (see figure 1 for an illustration) . At the freeze-out temperature, when the vector DM annihilation rate becomes of the order of the Hubble expansion rate, DM production becomes negligible and the WIMP abundance per comoving volume reaches its final value. In figure 1 , We have plotted Y V for two different values of the coupling g. In this figure, freeze-out occurs about T f ≃ M V /20, where we have chosen M V = 520 GeV. Figure 1 illustrates that smaller couplings lead to larger relic densities. This can be understood from the fact that vector DM with larger couplings remain in chemical equilibrium for a longer time, and hence decouple when the Universe is colder, therefore, its density will be further suppressed. Finally, having Y 0 V , vector DM relic density can be read as
where ρ 0 c , s 0 are the present critical density and entropy density, respectively, and h is the Hubble constant in units of 100 km/(s.Mpc). The observational value for DM relic density Ωh 2 is provided by the Planck collaboration [123] which is In this section, we will discuss the discovery potential of the model via direct DM searches.
In the present scenario, at tree level a vector DM particle can collide elastically a nucleon either through H 1 exchange or via H 2 exchange, which results in a spin independent cross section [53] 
where M N is the nucleon mass and As direct DM experiments go on to enlarge in size, they will become sensitive to the socalled neutrino floor [131] , i.e., the neutrinos from astrophysical sources, including the Sun, atmosphere, and diffuse supernovae [132] [133] [134] [135] [136] . The cross section corresponding to the coherent scattering of neutrinos on nucleons will induce a signal which is similar to the elastic scattering of a WIMP and thus represents an irreducible background [137] [138] [139] [140] [141] . Despite possibilities of distinguishing signals from WIMP and neutrino scattering, for example by combining detectors with different target materials, the neutrino floor is usually regarded as the ultimate sensitivity for future Direct Detection experiments such as XENONnT [142] , LZ [143] and DARWIN [144] .
Therefore, neutrino floor puts a limit on discovery potential of DM.
In figure 3 , we show the vector DM-nucleon spin-independent elastic scattering cross section, as a function of the vector DM mass for different values of coupling g. Additionally, the upper limit versus WIMP mass for the spin independent WIMP-nucleon elastic cross sections from the PandaX-II [125] experiment has been depicted. The plot also shows the so-called neutrino floor [131] , which corresponds to the sensitivity of direct detection experiments to sin αH 2 V µ V µ . Therefore, the low-energy 5-dimensional effective interaction terms for DM-quark will be
the effective coupling between vector dark matter and quarks goes to zero, leading to a dip in DM-nucleon corss section as it is seen in figure 3.
5 One-loop effective potential at finite temperature
In section 1, it was mentioned that spontaneous symmetry breaking can occur in the one-loop level via Coleman-Weinberg mechanism. However, the symmetry will be restored at high temperature. The character of the symmetry-restoring phase transition is determined by the behavior of the effective potential (free energy) at the critical temperature T c . At this temperature the effective potential has two degenerate minimums. We will see that the symmetry-restoring at high temperatures is a result of the H 2 2 T 2 term that occurs in the one-loop effective potential. This term is the leading-order contribution from the thermal fluctuations of the H 2 field. As the temperature rises, the contribution from thermal fluctuations will eventually dominate the one-loop negative (mass-squared) term in the zero-temperature potential and symmetry will be restored. If this phase transition is strongly first order, it can satisfy the condition of departure from thermal equilibrium. This is one of the three Sakharov conditions [96] necessary for the generation of baryon number asymmetry in the Universe.
At the temperature when the bubbles surrounding the broken phase start to nucleate, one can evade the washout of the baryon number asymmetry by suppression of the baryon number violating interactions induced by electroweak sphalerons [145] . Sphaleronic interactions are suppressed immediately after the phase transition, which leads to a requirement that ν c the vacuum expectation value (VEV) of the scalon field at the broken phase is larger than the critical temperature, namely ν c T c 1.
This is a criteria for strongly electroweak phase transition [146, 147] .
In this section, we study conditions of strongly first-order electroweak phase transition for the model (5.1). In section 1, it is shown that along the flat direction the one-loop potential at zero temperature is given by Eq. (2.16). The finite temperature corrections to this potential at one-loop level can be written as [97]
where
and − (+) sign in the integrand corresponds to bosons (fermions). The tree-level masses
of species k depend on the scalon field, i.e.,
The second term in (5.2) including the Kronecker delta function δ kb takes non-zero value only for bosons and it is given by [97] 
where 6) and c k = 1 (c k = − 1 2 ) for bosons (fermions). Finally, the one-loop effective potential including both one-loop zero temperature (2.16) and finite temperature (5.5) corrections is given by
The behavior of the finite temperature one-loop effective potential (5.7), for various temperatures, has been depicted in figure 4 . In this figure we chose parameters which satisfy both relic density and direct detection constraint. According to this figure, at high temperatures in T=178 GeV T=168 GeV T=158 GeV T=148 GeV T=138 GeV Figure 4 : The behavior of the finite temperature one-loop effective potential V 1−loop ef f (H 2 , T ) for various temperatures. The secondary minimum becomes degenerate with the original one at a critical temperature T c = 158 GeV the early Universe, the global minimum of the potential is located at H 2 = 0. As the Universe expands and temperature decreases, a secondary local minimum begins to appear smoothly, at nonzero values of the field, H 2 = 0, with a barrier separating the two minimums. The secondary minimum becomes degenerate with the original one at a critical temperature T c , signaling a first-order electroweak phase transition. At this point the height of the barrier reaches its maximum value. With further temperature drop, the global minimum of the potential will be located at H 2 = 0, and the barrier becomes smaller and finally disappearing completely at zero temperature. The phase transition takes place at the critical temperature T c at which the finite temperature one-loop effective potential (5.7) has two degenerate minimums at H 2 = 0 and
On the other hand, H 2 = ν c is a local minimum, therefore In the next section, we probe parameter space of the model which simultaneously satisfies constraints from relic density value, direct detection experiment and strongly first-order phase transition.
In our model, the physical Higgs have admixtures of the scalon which can be used to constrain the parameter space of the model. We can also constrain the two free parameters of the model, i.e., M V and g, using the Planck data [123] for DM relic density and PandaX-II [125] sinα, λ φH , and M H 2 , via a color bar. In figure 5 (Right), we have calculated DM-nucleon elastic scattering for the parameter space which is already constrained by the relic density bounds required by Planck data. Despite the very narrow parameter space, still for DM masses heavier than around 1 TeV, we have a viable parameter space that respect both the Planck and the PandaX-II bounds. Note that DM-nucleon cross section for DM masses heavier than 2 TeV lies near PandaX-II upper limit and it will be found or ruled out by the direct detection experiments in the coming years. Given the fact that the bound will be improved greatly, makes the prospects for discovery very great.
In our model DM annihilation cross section for the parameter space which is already constrained by DM relic density is about 2. of the DAMPE excess due to DM annihilation see [151] . This feature could also be a statistical fluctuation [152] or may be due to standard astrophysical sources.
DM annihilation in a nearby subhalo with a distance of 0.1−0.3 kpc can explain the DAMPE peak for the annihilation cross section about 2 − 4 × 10 −26 cm 3 /s and the DM density about 17-35 times greater than the local density of DM [153] . In our model, vector DM mass around 1.5 TeV can pass relic density and direct detection constraints and its annihilation cross section is about 2.2 × 10 −26 cm 3 /s which is large enough that it might account for the DAMPE peak.
However, in order to explain DAMPE data it is necessary to generalize the model such that DM annihilation through e + e − channel be dominated. Therefore, we anticipate that including leptophilic interactions, l=e,µ,τ g l lH 2 l, to the model might also explain DAMPE excess.
Finally, in figure 6 we have depicted the critical temperature in the first-order electroweak phase transition as a function of parameters of the model, g and M V , which already satisfied the DM relic density constraint. It is seen that viable range for the mass of DM constrained by relic density and direct detection is about 1-2 TeV. According to figure 6, this range implies that T c is about 100-200 GeV. In the end, we have depicted the distribution of the order parameter ν c /T c in figure 7 for the samples which are satisfying DM relic density constraint. According to this figure ν c /T c > 7 implying a strongly first order electroweak phase transition which can address electroweak baryogenesis.
Conclusion
In this paper, we studied a simple conformal extension of the SM in which radiative symmetry breaking within the Coleman-Weinberg mechanism can take place. Conformal extensions of the After setting up the model, we proceed to calculate relic density by solving the Boltzmann equation, and then we obtained DM-nucleon cross section. We also studied finite temperature effects and obtained one-loop effective potential at high temperatures in order to investigate electroweak phase transition. In order to prevent the washout of the matter-antimatter asymmetry, strongly first-order electroweak phase transition is a necessary condition for the successful implementation of electroweak baryogenesis. Matching calculated relic density and DM-nucleon cross section to the observed values coming from Planck and PandaX-II experiments, respectively, we constrained the two independent parameters of the model. It is shown that a part of the parameter space of the model will be excluded and the rest of the parameter space is within the reach of the future direct detection experiments. It has shown that the parameter space constrained by relic density demonstrate strongly first-order electroweak phase transition.
Considering constraint coming from PandaX-II direct detection experiment, we obtained viable mass range for DM which is about 1-2 TeV. This range puts a limit on critical temperature, T c = 100-200 GeV. The model is also compatible with the experimental bound on the mixing of Higgs field to other scalar which is given by sinα ≤ 0.44.
Conformal extension of the SM that we considered here, predicts new scalar boson (scalon), and vector DM with a definite mass range that can be discovered by future colliders and probed by upcoming direct detection experiments.
